Dendritic cells (DCs) are believed to play an important role in HIV infection even though DCs themselves are not readily infectable (2, 4, 13) . However, virus bound to DCs can be efficiently transmitted to cocultivated T cells, resulting in efficient virus infection (2) . DC-SIGN, a C-type (i.e., calciumdependent) lectin expressed by DCs, largely accounts for this process since it efficiently captures and transfers primate lentiviruses to receptor-positive cells (3, 9) . A closely related lectin expressed on some types of endothelial cells, termed DC-SIGNR (for DC-SIGNRelated), shares 83% amino acid identity with DC-SIGN and also binds and transmits human immunodeficiency virus type 1 (HIV-1), HIV-2, and simian immunodeficiency virus strains (1, 10, 12) . Both proteins are type II membrane proteins, with a C-terminal lectin domain, a repeat region most often containing 7.5 repeats of a 23-residue motif, a transmembrane domain, and a short cytoplasmic domain ( Fig. 1A) (1, 12) . The ability of DC-SIGN and DC-SIGNR to efficiently capture HIV coupled with their expression patterns raises the possibility that they play a role in dissemination of virus between and within hosts. However, it is unknown if DC-SIGN and DC-SIGNR enhance HIV infectivity mainly by concentrating virus particles on the cell surface or if they play a more active role in virus transmission.
Interactions between DC-SIGN/DC-SIGNR and virus are carbohydrate dependent, involving the C-terminal lectin domain and as-yet-unidentified carbohydrate structures on the HIV envelope (Env) protein (3, 9) . Direct protein-protein interactions may also occur. In addition, the repeat region of DC-SIGN is also important for normal function (9) . In our previous study, we noted that while DC-SIGN and DC-SIGNR bound multiple virus strains equally well, there were surprising differences in transmission efficiency (10) . Some viruses were transmitted by DC-SIGNR more efficiently than by DC-SIGN, while HIV-1 ADA bound to DC-SIGNR but was transmitted to receptor-positive cells very inefficiently. To investigate the structural basis for this variability in virus transmission, we produced several DC-SIGN/DC-SIGNR chimeras (Fig. 1B ). An overlap extension PCR technique employing 5Ј-GGACAT TCTTCCAAGGAAACTG and 5Ј-CAGTTTCCTTGGAAGA ATGTCC) as inner primers was used to introduce the lectin domain of DC-SIGN in the DC-SIGNR backbone (chimera RRS) and vice versa (chimera SSR). Using the same technique, we also attached the N terminus of DC-SIGN to the DC-SIGNR backbone (chimera SRR; inner primers 5Ј-GTCC AAGTGTCCAAGGTCCCCAG and 5Ј-CTGGGGACCTTG GACACTTGGAC) due to the fact that DC-SIGN contains LL and YXXL motifs which may mediate endocytosis, whereas the YXXL motif is absent in DC-SIGNR. The integrity of the molecular clones was confirmed by sequence analysis.
Surface expression levels of DC-SIGN can strongly impact the efficiency of virus binding and transfer (9) . Therefore, we introduced an AU-1 tag at the C terminus of all constructs so that surface expression levels could be determined by fluorescence-activated cell sorter (FACS) analysis. Upon transient transfection into 293T cells, the chimeras were expressed efficiently, ranging from 61 to 96% of wild-type DC-SIGN levels ( Fig. 2A) . Western blot analysis also indicated that expression of the chimeras was comparable to the expression of wild-type DC-SIGN (Fig. 2B ). Efficient expression of the chimeras at the cell surface argues that they are correctly folded. In addition, the chimeras retained the ability to bind HIV (see below) as well as ICAM-3 (data not shown).
We next investigated the capacity of the DC-SIGN/DC-SIGNR chimeras to bind primary HIV-1 isolates as well as the laboratory-adapted NL4-3 strain. The DC-SIGN/DC-SIGNR chimeras were expressed in 293T cells, and the cells were seeded in 96-well dishes and incubated with 5 ng of p24 antigen of the indicated viral isolates for 3 h at 37°C. We have found that under these conditions, virus bound to either DC-SIGN or to DC-SIGNR remains at the surface of this cell type (9, 10) . The cells were vigorously washed and lysed in 0.5% Triton X-100, and the concentration of viral antigen in the lysates was assessed by a commercially available p24 enzyme-linked immunosorbent assay (ELISA). All viruses bound to cells expressing DC-SIGN more efficiently than they bound to cells expressing vector alone by at least fivefold and often by more than 10-fold (Fig. 3) . In general, binding to DC-SIGNR was somewhat less efficient, ranging from approximately 51 to 95% of the levels obtained with DC-SIGN. HIV-1 NL4-3 and 89.6 also bound to each of the DC-SIGN/DC-SIGNR chimeras, though at somewhat reduced levels (Fig. 3) . Unexpectedly, however, the remaining six virus strains tested either bound poorly or not at all to cells expressing the various chimeras. Binding of these viruses to the RRS and SSR chimeras was particularly weak, in some cases being close to background levels. Thus, despite the high sequence homology between DC-SIGN and DC-SIGNR (83%), the exchange of functional domains between these proteins can dramatically impact their capacity to bind to HIV.
Since all chimeras bound efficiently to NL4-3, we further tested their capacity to transmit this virus strain. In order to limit variability associated with transient transfections, stable T-REX cell lines were engineered to express these proteins upon induction with doxycycline. After induction, surface expression and virus binding and transfer were examined in parallel (Fig. 4A) . Surface expression of the chimeras was determined by a quantitative FACS technique that makes it possible to convert mean channel fluorescence into antibody binding sites (ABS). With saturating levels of antibody, there is a direct correlation between ABS with receptor expression levels (7, 9) . We found that all of the DC-SIGN/DC-SIGNR chimeras were expressed at levels comparable to those for DC SIGN and higher than those for DC-SIGNR (Fig. 4A) . HIV-1 NL4-3 bound to SRR and SSR as efficiently as it did to DC-SIGN and DC-SIGNR and somewhat less well to RRS (Fig. 4A) . To test the ability of each chimera to mediate transmission, cells were pulsed with virus, extensively washed, and then cocultivated with C8166 T cells. Three days later, the cells were lysed and luciferase activity was determined. Under these conditions, cells expressing DC-SIGNR transmitted NL4-3 more efficiently than did cells expressing DC-SIGN (Fig. 4B) , consistent with an earlier study (9) . Virus transmission by chimeras SRR and RRS was comparable to transmission by DC-SIGNR, while chimera SSR did not transfer virus despite binding virus efficiently (Fig. 4B) . While it is possible that chimera SSR may transmit virus when expressed in different cellular contexts, our results clearly show that binding and transmission are dissociable functions.
Virus attached to the cell surface can be more infectious than cell-free virus, indicating that adhesion to cell surface molecules can maintain or even enhance viral infectivity (5, 6, 8) . However, DC-SIGN and DC-SIGNR appear to be particularly adept virus binding and transmission factors. DC-SIGN can mediate infection of peripheral blood mononuclear cells even when the amount of virus used is below that needed to establish infection when applied directly to peripheral blood mononuclear cells (3) . In addition, virus bound to DCs, presumably via DC-SIGN, can remain infectious for a number of days, a surprising result given the labile nature of HIV-1 in vitro (3). These observations suggest that DC-SIGN may do something other than simply attach virus to the cell surface. Our results are consistent with this in that we have identified a DC-SIGN/DC-SIGNR chimera that binds virus efficiently but fails to transmit it to receptor-positive cells under the conditions that we have examined.
There are a number of general mechanisms that could account for our observation that HIV transmission by DC-SIGN/ DC-SIGNR involves separable virus binding and transfer steps. It is possible, for example, that chimera SSR binds virus with reduced affinity. If so, virus may dissociate from this chimera before it engages receptors on adjoining cells. To address this, we added serial dilutions of HIV-1 NL4-3 to cells expressing DC-SIGN or the SSR chimera for 3 h, after which the cells were vigorously washed and the amount of bound p24 antigen was quantified. As shown in Fig. 5 , chimera SSR bound virus as well as wild-type DC-SIGN did under all conditions tested. Furthermore, it takes approximately 3 h to wash away unbound virus, since multiple wash and centrifugation steps are involved. Thus, significant differences in off rates should manifest themselves under these conditions. Therefore, we conclude that chimera SSR binds HIV-1 NL4-3 as well as wild-type DC-SIGN.
Another possible explanation to account for separable binding and transmission activities involves endocytosis of virus-DC-SIGN complexes. DC-SIGN contains two potential internalization motifs in its cytoplasmic domain, while DC-SIGNR contains one. Thus, chimeras between these two molecules could be endocytosed at different rates. However, we have found that virus bound to either DC-SIGN or DC-SIGNR, when expressed on 293T cells, remains at the cell surface (9, 10) . Whether endocytosis of bound virus occurs on DCs remains to be determined. It is also possible that binding of virus to DC-SIGN/DC-SIGNR might modify Env structure or conformation in a manner that impacts receptor binding or Env triggering-events that must necessarily play an important role in virus transmission. Finally, association of DC-SIGN with specific microdomains in the plasma membrane or with molecules on the surface of the target cell could impact transmission. CD4 and the viral coreceptors are asymmetrically distributed on the cell surface (11) . Therefore, if the localization of DC-SIGN on the cell surface or if interactions between it and the target cell result in virus presentation to regions with high concentrations of virus receptors, infection efficiency and virus transmission could be enhanced. Recently, it has been found that DC-SIGN colocalizes with CD4 and CCR5 on the surface of alveolar macrophages (B. Lee, unpublished results). Therefore, it will be important to study the distribution of DC-SIGN and DC-SIGNR on relevant primary cell types. While the mechanism that accounts for dissociable virus binding and transmission is not known at present, we can conclude that DC-SIGN/DC-SIGNR-mediated enhancement of virus infec- 
